We propose and demonstrate the digital resonance tuning of high-Q/V m silicon photonic crystal nanocavities using self-limiting atomic layer deposition. Control of resonances of 122 ± 18 pm per hafnium oxide atomic layer is achieved. Strong localization and long photon lifetimes in high-Q/V m photonic crystal nanocavities make them strong candidates for enhanced nonlinear optical physics, such as optical bistability [1] [2] [3] , Raman lasing [4, 5] , and cavity quantum electrodynamics [6] . These applications require precise control of cavity resonances to achieve tuned spectral overlap between the cavity modes and the gain or emitter material for controlled light-matter interactions. The cavity resonances is strongly dependent on the fabricated lattice constant a and the hole radius r of photonic crystals; slight differences in the photonic crystal geometries will result in large differences (a few to tens of nanometers in wavelength) in the dispersion characteristics. A passive post-fabrication tuning mechanism to precisely align the designed resonant wavelengths is needed. Wet chemical digital etching techniques [7] were recently developed for GaAs photonic crystal nanocavities, where the controlled blue shift of the cavity resonance was around 2-3 nm/cycle. Additionally, condensation of Xe [8] or self-assembled monolayers (such as a 2-nm polypeptide monolayer) [9] can be used, where a 3-5 nm cavity red shift per monolayer was observed for the latter.
Thin films of amorphous HfO 2 are deposited conformally on silicon air-bridged photonic crystal slabs by means of ALD at 150°C. Films were deposited using tetrakis(diethylamido)hafnium (IV) [Hf(DEA) 4 ] and water (H 2 O) vapor in alternating pulses with N 2 purge of the reaction chamber between pulses. Each deposition step includes 20 ALD cycles, and each cycle consists of Hf(DEA) 4 injection for 0.25 seconds, N 2 purge for 150 seconds, H 2 O injection for 0.02 seconds, and N 2 purge for 200 seconds. The observed linear deposition rate is around 0.93 Å per cycle, which is about a monolayer of hafnium oxide. Figures 1(c) and 1(d) show the surface quality after HfO 2 deposition. The surface is still smooth enough to support high-Q modes for L5 nanocavities. We note that lower substrate temperature down to 90°C is possible with our machine, at the expense of slow deposition rates. Figure 2 (a) shows the tuned resonant wavelength scales linearly with the number of deposition steps for an L5 cavity with tuning parameter S 1 = 0.02a. With slightly decreased r/a and increased t/a ratios in air-bridged photonic crystal slabs, the photonic band gap will shift to lower frequencies (red shift). In addition to a frequency shift, the photonic bandgap also decreases from an 11.4% to a 9.7% gap with a deposition of HfO 2 . This can be attributed to a lower-index contrast between the holes and the bulk dielectric. Figure 2(b) shows shift in resonant wavelength with deposition steps for nanocavities with different tuning parameters. With different deposition materials, the magnitude of resonant wavelength shift per ALD cycle can be changed. The inset of Figure 2(b) shows 3D FDTD simulations calculated using a freely available software package with subpixel smoothing for increased accuracy [16] . Figure 2(c) illustrates the variation of quality factor Q with the number of deposition steps for all three L5 cavities. In summary, we have developed a technique for fine tuning the resonant wavelengths of high-Q/V m silicon photonic crystal nanocavities digitally using ALD of HfO 2 monolayers. The results demonstrate precise linear tuning that preserves high quality factors in L5 photonic crystal nanocavities.
